ABSTRACT
INTRODUCTION
Losing chromosomal terminal sequences in eukaryotic cells with each cell division had previously been predicted due to the inability of DNA polymerases to completely replicate linear DNA molecules (13, 17) . In most eukaryotes, 5-15 kbp of the telomere sequence TTAGGG are found at the ends of all chromosomes (1, 3, 10) . These are elongated by the ribonucleoprotein, telomerase, which contains an RNA template complementary to the TTAGGG repeat that permits the de novo synthesis of TTAGGG telomeric DNA onto the chromosomal ends (7) (8) (9) 14) . Therefore, telomerase prevents the gradual loss of DNA because of the incomplete synthesis of the lagging strand of linear chromosomal DNA (for review, see Reference 2) .
The current model for the mechanism of telomeric DNA synthesis by telomerase was first proposed by the Blackburn group (1, 2) . According to their model, the template domain of telomerase RNA base pairs with an arbitrary 3 ′ end of a telomeric DNA. This alignment allows primer extension using the RNA as a template and results in the addition of four telomeric nucleotides (TTAG). Next, the extended DNA terminus "un-pairs" from its RNA template and is repositioned on the 3 ′ portion of the template, becoming available for another round of elongation by telomerase in which six nucleotides (GGTTAG) are added to the 3 ′ end of the telomeric DNA. One of the most striking features of the telomerase reaction involves not only copying of an internal template, but also an efficient translocation event that occurs after the last 5 ′ residue of the RNA template has been copied into DNA. The translocation step has been deduced from the processive nature of the telomerase reaction in a cell-free assay (1,2). Thus, telomerase initiates synthesis on a telomeric sequence DNA primer and continues to elongate the first primer up to hundreds of nucleotides before dissociation even in the presence of an excess of the same primer or of a high concentration of a challenging primer (1, 13) . In contrast, mouse telomerase is reportedly a nonprocessive enzyme, which generates only short telomerase reaction products (15) .
The activation of telomerase was also proposed as a critical step for cell immortalization to overcome cellular senescence. Thus, telomerase activity was believed to be associated with the malignant progression of human tumors (4, 6, 11, 12, 16) . The relevance of telomerase activity and telomere stability to the development and progression of tumors was investigated by measuring enzyme activity and telomere length in metastatic cells of ovarian carcinoma by the Harley group (5). This study indicated that telomerase is specifically activated in tumor cells but not in normal somatic cells. The same study also suggested that the progression of malignancy is ultimately depen -dent upon the activation of telomerase and that telomerase inhibitors may be effective antitumor drugs (5) . Therefore, telomerase appears to be an attractive new target for designing anticancer agents and an important diagnostic marker of human cancer (12, 16, 17) . Thus, it was necessary to develop a new telomerase assay method that can be used for the quantitative measurement of telomerase activity.
Currently, to our knowledge, there are two telomerase assay methods used: (i)the conventional primer extension assay and (ii) the telomeric repeat amplification protocol (TRAP) assay based on polymerase chain reaction (PCR) for measuring telomerase activity. In the conventional assay, the low specific activity of human telomerase may be the limiting factor in obtaining meaningful quantitative results. In addition, highmolecular-weight DNA and [ α -32 P] -dGTP contribute to background noise (14) . A recently developed TRAP assay greatly improved the assay's speed and sensitivity, which was reported to be able to detect telomerase in as few as approximately 10 human cells (12) . However, there is a major drawback to using the PCR-based TRAP assay. The reaction products of both processive and non-processive telomerase show no differences after PCR amplification of extension products, thereby making the study of the telomerase mechanism difficult (12) . Another problem with the TRAP assay is the difficulty of applying this method to discover telomerase inhibitors, since any compound that interferes with Taq DNA polymerase significantly affects the result.
We designed an alternative assay method to overcome the inherent difficulties of known telomerase assay methods. In our method, 5 ′ -biotinylated (TTAGGG) 3 was used as a primer for the telomerase reaction, which allows for the immobilization of the telomerase reaction products to streptavidincoated Dynabeads ® . Using this method, we were able to detect telomerase activity without amplification of signals from cell extracts equivalent to 200-500 cells. We believe this assay method will be very useful in future studies for measuring telomerase activity in various tumor cells, assessing potential telomerase inhibitors that might interfere with its activity and understanding the biochemical aspects of the telomerase reaction.
MATERIALS AND METHODS

Materials
Streptavidin-coated Dynabeads suspension (Dynabeads M-280 Streptavidin) was purchased from Dynal (Lake Success, NY, USA) and 5 ′ -biotinylated (TTAGGG) 3 primer was obtained from Genosys Biotechnologies (The Woodlands, TX, USA). The terminal transferase enzyme and nucleotide solutions were purchased from Promega (Madison, WI, USA). [ α -32 P]dGTP was from NEN Life Science Products (Boston, MA, USA). X-ray film, intensifying screens and developing chemicals were from Scientific Imaging Systems, Eastman Kodak (New Haven, CT, USA).
Preparation of Cell Lysate (S-100)
Cell extracts were prepared from 1.2 ×10 9 cultured cells as previously described (12) . Briefly, cultured HeLa cells (National Cell Culture Institute, Minneapolis, MN, USA) were washed once in phosphate-buffered saline (PBS); resuspended in ice-cold washing buffer (10 mM HEPES-KOH, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM dithiothreitol [DTT], pH 7.5); pelleted at 10 000 × gfor 1 min at 4°C, resuspended in ice-cold lysis buffer that contains 10 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 5 mM β -mercaptoethanol, 1 mM DTT, 0. and then centrifuged for 1 h in an ultracentrifuge at 100 000 × gat 4°C. The resulting supernatant volume was adjusted to 20% glycerol and stored at -80°C in a freezer.
Telomerase Assay
The assay was performed by using 5 ′ biotinylated (TTAGGG) 3 as a telomere primer instead of (TTAGGG) 3 , which is normally used. The reaction mixture (20 µ L) contained 50 mM TrisOAc (pH 8.5), 50 mM KCl, 1 mM MgCl 2 , 5 mM β -mercaptoethanol (BME)
The immobilized reaction products were separated from the suspensions using a magnet (Dynal MPC ® ), and the beads were washed at least 5 ×with washing buffer (1 M NaCl, 10 mM Tris-HCl, pH 7.5) to eliminate the [ α -32 P]dGTP background and nonspecific high-molecular DNA. The bead-reaction product complex was resuspended in 200 µ L of guanidine-HCl solution (final 5.0 M) and incubated at 90°C for 20 min. The reaction products were dissociated from the Dynabeads by placing the tubes in a magnetic rack (Dynal MPC) and transferring the supernatant (containing reaction products) to a new tube. Following ethanol-precipitation, telomerase reaction products were analyzed by 8% polyacrylamide gel electrophoresis. Gels were dried on filter paper and developed by autoradiography on a sensitive film (BioMax-MS; Scientific Imaging Systems [Eastman Kodak]). Telomerase activities were quantified by densitometric analyses (ImageQuant ® ; Molecular Dynamics, Sunnyvale, CA, USA) of the autoradiographs.
RESULTS AND DISCUSSION
The conventional telomerase assay uses (TTAGGG) 3 Telomerase reaction components except primer and nucleotides were pre-incubated with reagents at room temperature for 10 min, followed by the addition of primer and nucleotides to allow telomerase extension to take place at 37°C for 30 min. Lane 1 shows products of terminal transferase reaction products of 5 ′ -biotinylated, 18-mer primer as size markers. Lane 2 represents telomerase reaction products without any treatment. Lanes 3-6 represent those pretreated with RNase A (50 ng), RNase A plus RNasin ® (100 U) proteinase K (1 mg/mL) and heat treatment (10 min at 90°C ), respectively. Lane 7 represents the telomerase reaction products purified by using a D25 spin column to remove the unincorporated isotopes. Figure 2A .
the residual [ α -32 P]dGTP (14) . Under these conditions, only 2000-5000 cpm of 32 P from approximately 1 × 10 9 cpm is incorporated into telomere DNA. The low specific activity of human telomerase may be the limiting factor in the conventional assay method, diminishing the resolution of reaction results due to inherent high [ α -32 P]dGTP and high-molecular-weight DNA backgrounds (14) . Therefore, we designed an alternative method to overcome these difficulties as follows.
In the newly developed assay, 5 ′ -biotinylated (TTAGGG) 3 primer is used instead of (TTAGGG) 3 , so that telomerase reaction products can be immobilized by the addition of streptavidin-coated Dynabeads (Dynabeads M-280 Streptavidin), which bind selectively to the 5 ′ -biotinylated primer. Dynabeads M-280 Streptavidin are uniform, superparamagnetic, 2.8-µ m polystyrene spheres covalently coupled with streptavidin protein. The high affinity of the streptavidin/biotin interaction ( K d = 10 -15 ) allows for the rapid and efficient isolation of biotin-labeled target molecules. These magnetic beadtarget complexes can be easily separated from the suspension by a magnet (Dynal MPC) and extensively washed with washing buffers to eliminate the backgrounds from the [ α -32 P]dGTP and high-molecular-weight DNA labeled with 32 P by contaminating DNA polymerases in the cell extracts. Finally, the telomerase reaction products can be dissociated from the magnetic beads with a protein denaturant treatment (guanidine-HCl) and subsequently analyzed using polyacrylamide gel electrophoresis.
To validate the sensitivity of our newly developed telomerase assay, we initially determined the minimum number of cells required for the detection of telomerase activity. For this purpose, cell extracts were serially diluted with lysis buffer and used in the telomerase reaction as a source for telomerase enzymes. Figure 1A shows an autoradiogram of the products separated on a DNA sequencing gel with a plot of the data. A careful examination of the pattern of bands produced at each extension is interesting.
In the first extension, the major band corresponds to the 5 ′ -TTAG* (* indicated incorporated [ α -32 P]dGTP into telomeric primer) telomerase-extended species (22 bp) with less intense bands for the successive exonuclease-produced 5 ′ -TTA and 5 ′ -TT species. In the following extensions, six telomeric nucleotides (5 ′ -G*G*TTAG*) were added to telomeric primers, resulting in the generation of 6-bp ladders (28, 34, 40 bp and so on). Using our method, we were able to detect telomerase activity in the HeLa extracts equivalent to between 200-500 cells without using PCR amplification of telomerase reaction products. This method significantly improves the sensitivity of the telomerase assay without relying upon the PCR amplification of signals from telomerase reactions by reducing higher-molecular-weight DNAs and the [ α -32 P]dGTP background. The result shown in Figure 1A was quantified by densitometric analyses (ImageQuant) and is represented graphically in Figure  1B . Since the intensity of the signals is highly dependent on the number of cells used for the cell extracts, this method allows us to quantitatively determine telomerase activity.
In the following experiment, we tested the primer elongation activity for sensitivity to RNase A, since all telomerases characterized to date are ribonucleoprotein complexes. As shown in Figure 2 , pre-incubation of S-100 extract with RNase A totally abolishes the subsequent primer elongation (compare lanes 2 and 3), whereas the inclusion of an RNase inhibitor during pre-incubation abolishes the effect of RNase A (see lane 4). In addition, proteinase K or heat treatment (lanes 5 and 6, respectively) abolishes primer elongation activity, suggesting that telomerase activity requires both an RNA and protein components. We have also tried using disposable spin columns (Nu-Clean D25; Scientific Imaging Systems [Eastman Kodak]) to remove the unincorporated isotope as described in Figure 2 , lane 7. This method proved as effective as our method for the removal of the unincorporated isotopes. However, using the spin-column method resulted in less than 20% recovery of telomerase reaction products. In addition, contaminating high-molecular-weight DNAs are retained in addition to the telomerase reaction products. More importantly, reproducibility between different experiments was not as reliable as the method we describe here (data not shown).
Extension of telomeric repeats by telomerase with primers can be processive or nonprocessive in vitro depending upon reaction conditions (15) . As shown in Figure 3 , telomerase reactions were carried out at different temperatures, and Figure 3B plots the amount of radioactivity incorporated. Overall, the catalytic activity of the human telomerase increased significantly with increasing temperature, reaching a maximum at 37°C, while the processivity decreased significantly with increasing temperature. The accumulation of short products at elevated temperatures could be due to increased enzyme turnover during the reaction, reflecting a high probability of product dissociation rather than proceeding to the next polymerization event on the original primer. Subsequently, enzymes might initiate the binding process with new primers. Clearly, our method allows us not only to determine the telomerase activity in a quantitative manner but also to differentiate nonprocessive from processive enzyme activity.
In conclusion, this method greatly improves the sensitivity of a telomerase assay without PCR amplification of signals from telomerase reactions by reducing background. For example, telomerase activity is easily detectable from cell extracts prepared from less than 1000 Hela cells without amplification. In addition, since the intensity of the signals is highly dependent on the number of cells used for preparation of cell extracts, our assay can be used for quantitative determinations of telomerase from tissue samples. Furthermore, this method can be applied to discovering compounds that are telomerase inhibitors and for biochemical characterization of telomerase.
